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1 INTRODUCTION 
The life cycles of diadromous fish populations are highly dependent on upstream and downstream passa-
bility of river systems: salmon and sea trout migrate upstream to their spawning grounds as adults and 
migrate downstream to the sea as juvenile smolts. In contrast inland watercourses are the growth habitat 
for eels, which then migrate to the sea as silver eels.  
The River Sieg is of paramount importance to the state of North Rhine-Westphalia (NRW), as salmon 
and sea trout resettlement programs have been underway in this watercourse for some time. The dams and 
weirs in the vicinity of the Rhine have been equipped with upstream fish ladders in the scope of these 
programs. A monitoring station for upstream migration of adult salmon is in operation at the Buisdorf 
Weir. 
Although substantial progress has been made in reestablishing upstream passability, there are consid-
erable technical and economic risks associated with equipping hydroelectric plants with effective me-
chanical protection devices to keep downstream migratory stages out of turbines. In cooperation with the 
plant owner RWE, the state of NRW has therefore equipped the Unkelmühle Hydroelectric Plant (total 
capacity = 28 m³/s) with a 10 mm bar screen. Additionally, improvements were made to the upstream fish 
ladder and monitoring facilities were installed. The construction phase will be followed by a monitoring 
phase (for assessing the ecological and technical success of the project) of at least 3 years. 
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Figure 1. Unkelmühle/Sieg Hydroelectric Plant with new upstream bar screens, view from the upstream side. 
2 IMPACT OF HYDROELECTRIC PLANTS ON FISH POPULATIONS 
Lack of (upstream as well as downstream) passability impacts the life cycles of both diadromous and po-
tamodromous fish populations. Because the migration routes of diadromous species by definition com-
prise the switch from the marine habitat to inland watercourses and also because the migration routes are 
frequently quite long, these species are subject to a particularly high risk of injury at each site through 
which they must pass. The historical trend in salmon populations and the hazard currently posed to eels 
are well-known examples of this impact. 
As far as migration routes are concerned, particular consideration needs to be given to the following 
aspects: 
In order for diadromous and potamodromous fish populations to complete their life cycles, it is essen-
tial that upstream passability be restored at every migration obstacle along the migration routes. 
It is especially important that diadromous species are able to pass through migration obstacles such as 
hydroelectric sites with as little harm as possible during downstream migration. 
Impoundment structures exert a cumulative effect on fish populations in both migration directions: the 
number of upstream migrants is successively thinned with each additional site that they need to pass 
through. The number of hydroelectric plants to pass through limits the overall survival rate of down-
stream migrants that reach the receiving watercourse. In each case the overall efficiency of migration 
plays a decisive role. A considerable amount of data on diadromous species has been obtained from de-
tailed studies in river areas. For potamodromous species, however, there is a dearth of knowledge. Never-
theless migration efficiency has substantial impacts on these species as well.  
A decisive factor in the upstream migration of diadromous species is how many fish starting from the 
sea are able to reach their spawning or growth habitats in a reasonable time and without expending too 
much energy. Overall efficiency is expressed as the accessibility index of the area. It declines in propor-
tion to the number of transverse structures.  
The sea accessibility index (= overall survival rate) is a decisive factor for diadromous species migra-
ting downstream from freshwater habitats. As a rule the overall survival rate declines in proportion to the 
number of hydroelectric plants that must be passed through. 
The accessibility index for salmon smolts migrating downstream from spawning area M9 of the Sieg is 
shown in Figure 2. 100 % start from the spawning area. There are losses at each passage of each hydroe-
lectric plant; hence with the way the hydroelectric plants are currently designed, only 48 % of the salmon 
reach the Rhine alive.  
But if all of the hydroelectric plants were equipped with 10 mm bar screens, the overall survival rate of 
salmon smolt would increase to 76 %.  
The aforementioned interrelationships indicate that diadromous fish populations can only survive in 
areas where a maximum number of passage sites along the migration route is not exceeded. In addition it 
is necessary that certain material and structural requirements for the watercourses be fulfilled. 
This knowledge is a direct indication of the need for identifying those watercourses in which diadro-
mous species have a true chance for survival. These watercourses are potential habitats for development, 
and priority should be given to making them passable in both migration directions. In NRW, the Sieg was 
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selected as a priority anadromous watercourse. The furthest downstream hydroelectric plant on the Sieg is 
the Unkelmühle site. All downstream migrating fish have to pass through this site. The Unkelmühle plant 
thus plays a key role in the development of salmon populations. Hence in the scope of a joint project con-
ducted by NRW and RWE it was equipped with an effective fish protection mechanism: a pilot facility 
for testing and improving protection and downstream passage systems. 
Figure 2. Current accessibility index of the River Rhine for salmon smolts migrating downstream from spawning areas M6 and 
M9 in the Sieg (present situation). The Unkelmühle Hydroelectric Plant is site 2. 
Figure 3. Accessibility index of the River Rhine for salmon smolts migrating downstream from spawning area M9 in the River 
Sieg after equipping all hydroelectric plants with fish protection systems. 
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3 MEASURES FOR FISH PROTECTION AND DOWNSTREAM MIGRATION 
The present state of technology can be described as follows: 
Fish protection systems (unlike upstream fish ladders) must always be designed with specific target 
species in mind. At each site and/or watercourse it is therefore necessary to determine first of all which 
species need to be protected and how effective the protection measures need to be in order to ensure the 
survival of the respective population.  
The functionality of behavior barriers that make use of light, current, sound, and guide mechanisms 
has proven to be inadequate. 
Effective fish protection is only achievable with mechanical barriers consisting of bar screens with nar-
rowly-spaced bars. In Germany the primary emphasis is on protecting diadromous species, wherein the 
following design values must be applied (Arbeitsgemeinschaft Gewässersanierung (1998); Adam, B. et al 
(1999)): 
− Inflow velocity in the channel leading to the bar screen:  max. 0.5 m/s 
− Bar spacing for protecting salmon smolts:       max. 10 mm 
− Bar spacing for protecting silver eels:         max. 15 mm 
Figure 4. Schematic design of a 10 mm bar screen with screen cleaner and bypass channel at a hydroelectric plant. 
For 10 mm bar screens with vertical bars (which as a general rule are actually inclined at an acute angle to 
the bottom), it is presently possible to construct screen units (including a screen cleaning machine) with 
flow capacities of up to ca. 30 m³/s. If such bar screen arrays are correctly designed and installed, they 
will not interfere with the operation of the hydroelectric plant. Sufficient practical experience has shown 
that losses at the bar screen can be minimized by providing a sufficiently large surface area, efficient 
screen cleaning machines and suitable screen profiles.  
The flow capacity of 10 mm bar screens with horizontal bars is presently limited to ca. 50 m³/s per 
unit. 
Bypass mechanisms suited to each target species must be provided. The latter can often be combined 
with mechanisms for ensuring the onward movement of floating debris.  
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4 ELEMENTS OF THE UNKELMÜHLE PILOT SYSTEM 
The reconstruction of the hydroelectric plant consisted of the following measures: 
The three bar screen arrays were equipped with 10 mm bar screens and state-of-the-art screen cleaners. 
The bar screen arrays were equipped with different screen profiles in order to study the hydrodynamic 
and biological suitability thereof.  
The drive system channel was deepened in order to reduce the inflow velocity to 0.5 m/s. 
Reinforcing structures were installed beneath the bar screens in order to enable them to withstand high 
compression stresses induced by a potential complete obstruction of the bar screen (due to a screen clean-
er breakdown).  
The bar screens are inclined at an acute angle to the horizontal and are equipped with a common flush-
ing sluice across the top. This sluice ensures the forward movement of debris and also serves as a bypass 
for fish swimming near the surface.  
A Bottom Gallery® opening into a lateral catch tank was installed in the bottom of the channel in front 
of the bar screen for fish swimming near the bottom (especially silver eels).  
Upstream passability was improved by constructing a vertical slot fish pass to replace the selectively 
operating Denil-type fish pass. 
Upstream and downstream migration monitoring stations were established. 
Double protection systems (intake gates) were installed in front of the bar screen arrays so that the lat-
ter can be drained individually in order to perform inspections and make any necessary changes.  
Lateral flushing sluices to ensure the removal and onward movement of debris. Flushing is especially 
necessary for bar screens with closely spaced bars in order to cut down on the volume of debris passing 
through the bar screen. 
Two sluice gates were renovated, including the concrete construction. 
Figure 5. Layout of the Unkelmühle Hydroelectric Plant with vertical slot pass and three-bay 10 mm bar screen array. 
Key: 
1 = Unkelmühle Hydroelectric Plant 
2 = 10 mm bar screen and cleaners 
3 = Headrace channel 
4 = Tailrace channel 
5 = River Sieg 
6 = Upstream fish ladder 
7 = Downstream monitoring station 
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Figure 6. Three-bay bar screen array with flushing channel in the back. 
5 BYPASS MECHANISMS OF THE UNKELMÜHLE PILOT SYSTEM 
The downstream passage mechanisms comprise the following elements: 
Surface bypass openings for salmon smolts in the top area of the fish protection screens. Each bar 
screen array was equipped with two openings leading to the transverse flushing channel. Adaptors can be 
used to change the shape of the openings in order to permit optimum downstream migration of salmon 
smolts while at the same time minimizing the loss of water to run the turbines. The numbers of fish mi-
grating downstream can be recorded at the downstream monitoring station.  
Figure 7. Flushing channel and surface bypass openings for salmon smolts in the top area of the fish protection screens. 
Three eel pipes staggered in height were arranged in the left bar screen chamber. Separate monitoring 
tanks make it possible to assess how effectively each pipe permits downstream passage of silver eels.  
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Figure 9. Monitoring station for fishes migrating downstream through the surface bypasses. 
6 CONCLUSION 
Hydroelectric plants have impacts on fish populations, particularly on diadromous populations because 
the migrating fish may be injured by turbines as they pass through. Various systems for minimizing the 
injury rate or to keep fishes from entering the turbines are currently under development. These protective 
mechanisms consist of screens with a narrow clearance between bars so that the fish are unable to pass 
through the barriers. For further developing and in particular for testing such fish protection mechanisms, 
the German state of North Rhine-Westphalia in collaboration with RWE Innogy installed the Unkelmühle 
pilot system on the Sieg. A screen with a 10 mm bar distance and a total flow of 28 m³ was installed 
there. Bypasses were also provided for the salmon smolts swimming near the surface and for the silver 
eels swimming along the bottom. The functionality of the system will undergo technical and biological 
testing in the scope of a multi-year monitoring. 
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